This paper presents circuits in SiGe bipolar technology for spread spectrum automotive radar applications in the band from 77 to 81 GHz. in spread spectrum automotive radar systems.
I. INTRODUCTION relation between the bandwidth of the transmit signal (fc in
In a spread spectrum system the transmitted signal is Fig. 1 ) and the achievable range resolution dmin [3, 4] :
spread over a frequency band, which is much wider than the dmin < c/2fc, (1) minimum bandwidth required to transmit the information [1] where c is the speed of light. Another performance Automotive radar systems can take advantage of spread characteristic of a ranging system is the supported spectrum techniques because of their interference rejection, ' unambiguous range d,aX, which iS the maximum distance that immunity from noise and multipath distortion, and high max,sisthe maxmumedistnceetha resolution ranging properties. In addition, there is no need for high-speed, fast-settling frequency synthesizers. Moreover, dma, < c/2Tp, (2) spread spectrum techniques can improve the reliability of where Tp=Nfc is the period of the pseudo random sequence automotive radars. The data from different sensors on and N the number of bits. In order to keep the range resolution different cars can be combined in order to observe therve compete ar nvirnmet. Tus asprad sectum rdar small and at the same time support large unambiguous range, complete car envtronment. Thus a spread spectrum radar t the chip duration Tc 1 Ifc is required to be small while N system will allow to share the same bandwidth also for data-has to be sufficiently large. For the system presented in this link needed by car-to-car communication systems [2] .
paper, N = 1023 and fc= 1.235 GHz have been chosen in Pseudo noise (PN) signal processing along with direct-order to achieve a dm,X of approximately 124 m and a dmin of sequence modulation has been widely used for developing less than 12 cm. Moreover, in ranging systems based on powerful spread spectrum ranging systems. These concepts spread spectrum techniques, a large value for N is also needed are also well suited for short-range automotive radar to improve the peak of the autocorrelation function and lower applications in the 79 GHz band. A simplified transmitter the cross-correlation function. This allows the receiver to architecture is shown in Fig. 1 . The spread spectrum signal is discriminate among spread spectrum signals generated by generated by means of direct sequence technique: the carrier is different sequences [101. Considering a 79 GHz carrier signal modulated with a pseudo noise sequence (code). Compared to and a speed of 100 km/h, the Doppler signal is approximately other spread spectrum systems, pulse radar for example, the 14.5 kHz. This is much lower than the PN-code repetition PN-radar allows to lower the maximum output power level of frequency of 1.2 MHz (which represents the spacing between the transmit signal because it is continuously active. For shortthe discrete lines in the spectrum of the PN-signal) and range applications (e.g. 1 to 30 meter), there is the need to use therefore does not deteriorate the correlation response of the ultra-wideband (UWB) techniques since there is a direct receiver in the PN-radar [5] . Figure 5 . Simulation results of the PRBS: effect on the spectrum due to the received signal is needed [7] .
spikes in the pseudo noise signal. The quality of the output signal can be improved (lower figures) by using the resistor R in the latch.
II. CIRCUIT DESIGN range, regenerative dividers are able to operate over a A. Transmitter frequency range of approximately 3:1. This provides sufficient The block diagram of the spread-spectrum transmitter chip is margin to prevent a reduction of the usable VCO tuning range shown in Fig. 2 . The system is fully differential and consists [9] . The other five stages are static dividers optimized for low of four main blocks: a 79 GHz VCO, a prescaler, a biphase power consumption. Since the signal from the prescaler has to modulator, and a pseudo-noise sequence generator. The clock drive all the clocked stages in the PN-generator, a buffer has signal which drives the PN-source is generated on the same been connected at the output of the last divider stage. chip. The VCO is based on the chip presented in [8] and has a
The PN-sequence is generated by a full-rate pseudo center frequency of 79 GHz. The differential signal generated random bit sequence (PRBS) generator (Fig. 3) . The chip rate by the VCO drives the biphase modulator and the prescaler.
of the PN-sequence is 1.235 Gb/s. Since 90 % of the signal
The prescaler is used to downconvert the VCO signal to power of the PN-sequence is contained in the main lobe, the 1.235 GHz. It consists of six divider stages. The first stage is a spread spectrum system will require a bandwidth of dynamic frequency divider. Dynamic frequency dividers approximately 2.5 GHz. The PRBS generator consists of a achieve higher operating frequencies than static frequency clock input stage, a linear feedback shift register (LFSR) dividers at comparable or lower power dissipation. Therefore [1, 10] , and an output buffer. Three cascaded emitter followers they are an attractive choice for the first stage of a frequency are used in the clock input stage in order to shift down the DC divider chain at the output of the 77-GHz VCO. In contrast to level of the clock signal and drive the LFSR. The shift register injection-locked dividers, which suffer from a narrow locking contains n =10 stages and generates a maximum-length sequence of N= 2 -1 = 1023 bits. The maximum-length sequence (M-sequences) are the longest codes generated by a InL;dL given shift register. They have good autocorrelation property _ Sigb al [1, 10] . With a 10 stage LFSR it is possible to generate 10 different M-sequences [1] . 
XN1
In order to improve the shape of the output signal from the PRBS, in our design the concept of asymmetry has been used, but in the opposite way. As shown in Fig. 4 , in each latch a resistor has been placed in the reading path to unbalance the on tail current J0 in the holding path. In this way, the holding time will be longer than the reading time. Because of this J80|
asymmetry, spikes in the output signals are avoided during clock transitions, as shown in Fig. 5 . In the third stage another differential pair has been also implemented to force the initial condition in the LFSR. In order to achieve a fast switching behavior at the upper differential pairs of the modulator, an Figure 7 . Block diagram ofthe IQ frontend. output buffer has been integrated in the PRBS to achieve a maximum differential output swing of 1.4 V (VSWR < 2: 1). The simulated noise figure of the LNA is maximum dfeetaoups6.5 dB in the frequency range from 75 GHz to 86 GHz.
The biphase modulator shifts the baseband spectrum of the Interstage matching is accomplished by an LC matching PRBS to the carrier frequency. The fully differential biphase network (L2, C3). Here, the inductance is replaced by a modulator is implemented as a Gilbert cell and shown in transmission line that is shorted for high frequencies. The Fig. 6 . The lower differential pair of the modulator is driven transformed input impedance of the following stage by the 79 GHz carrier and the upper pairs by the PN-signal. determines the load impedance (the gain) of the CE transistor Since the bit rate of the PN-signal is very low compared to the Ql. The output of the LNA is matched with transmission lines frequency of the carrier, the modulator works mostly as a to a 50 Q interface, taking into account the parasitic pad cascode thereby improving the performance. Transmission capacitance. The measured gain of a stand-alone version of lines are used as load in the modulator and also for on-chip the LNA is 12 dB. The LNA consumes 32 mA. matching.
The power splitting of the RF signal is done as follows:
B. Quadrature receiver Two transmission lines of 220 pim length transform the input impedance of both RF baluns to a low impedance. This value The quadrature receiver frontend consists of a single-ended is trnfre to th 0Qitraeb eistasiso low-noise amplifier (LNA), balanced-to-unbalanced in andoa t tor.
converters to transform the single-ended signal to differential signals, two fully differential direct-conversion mixers, LO The RF and LO baluns are LC-baluns (Fig. 9) where the buffer amplifiers, and a branchline coupler [13] . An overview inductors are replaced by transmission lines [15] . With this of the implemented circuit is depicted in Fig. 7 .
type of balun, a single-ended to differential conversion and impedance matching is achieved simultaneously. The insertion
The design of the LNA iS similar to the one presented in lsmfoeblni . B [14] . It consists of three common-emitter (CE) stages, the first osooeb one is shown in Fig. 8 . Stages two and three basically have the The direct-conversion mixers are based on the high-level same topology. The input of the LNA is matched with mixer presented in [16] . The mixer is designed for high transmission lines for a return loss larger than 10 dB impedance external loads, so the internal load of 2 x 400 Q and the bias current of 6 mA determine the conversion gain.
The simulated noise figure of one mixer is 12 dB, and the conversion gain is 24 dB. The current consumption of one F mixer, including biasing, is 11 mA.
To maintain a high voltage swing at the LO port of the Figure I 1. Chip photo of the quadrature receiver (1100 x 1000 tm2). mixer, which is essential for good noise performance, the LO have a minimum emitter mask width of 0.35 pim, resulting in signal is applied to the four switching transistors via an LO an effective emitter width of 0.18 pim. The technology buffer. The simulated gain of the buffer is 10 dB in the additionally features high-voltage transistors with a BVCEO of frequency range around 80 GHz. The buffers consume 60 mA 5.0 V [18] . Four metal layers, MIM-capacitors, varactors, and each. different types of resistors are also included. The chip
The 0°/ 90°phase shift between the two IF output ports is photograph is depicted in Fig. 10 and 11 . The size of the chip achieved by the use of a branchline coupler at the LO port of is 1128 x 1028 pim2 for the spread spectrum transmitter and the front-end. The isolated port of the coupler is terminated 1100 x 1000 pim2 for the quadrature receiver.
with 50 Q to broaden the coupler's bandwidth. Transmission lines match the input impedance of the coupler to 50 Q, taking IV. MEASUREMENT RESULTS into account the parasitic pad capacitance. The four branches All measurements were performed on-wafer with probes.
have a length of 480 pim each, which equals X / 4 at 80 GHz.
The temperature was kept at a constant level of 25 'C. All offchip losses from the measurement setup were de-embedded III. TECHNOLOGY from the measurement results. The chips are manufactured in an advanced 200 GHz fT SiGe:C bipolar process based on the technology presented in A. Transmitter [17] . The transistors achieve the highest fT at a current density
The complete spread spectrum transmitter draws 750 mA of 5 mA/pim2. Shallow and deep trench isolation are used. The from a +5.5 V supply. The baseband output from the PRBS transistors are fabricated with a double-polysilicon self-was connected to a spectrum analyzer. The RF-modulated aligned emitter-base configuration with a SiGe:C base. This signal was connected via a W-band waveguide to a W-band base is integrated by selective epitaxial growth. The transistors down-conversion mixer, which down-converts the 79 GHz 75 GHz to 88 GHz. The gain imbalance between these outputs is smaller than 0.7 dB, and the imbalance in noise figure is smaller than 0.4 dB. The input-referred 1 dB compression From the technology point of view, the obtained results show point is -19 dBm. The performance of these circuits indicates that very high integration levels in millimeter-wave frequency their suitability for precision sensing applications at 79 GHz. ranges are feasible in SiGe bipolar technology.
